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Nuclear pore complexes (NPCs) are selectively gated
pathways between nucleoplasm and cytoplasm.
Whereas small molecules can diffuse freely through
NPCs, large molecules (>40 kD) can pass only
when bound to transport receptors. The NPC central
channel is filled with disordered proteins, rich in
phenylalanine-glycine (FG) repeats, referred to as
FG-nups. Our simulations, carried out at coarse-
grained and all-atom levels, show that arrays of FG-
nups tethered to a planar surface, at an FG-repeat
density found in the NPC, form dynamic brush-like
structures of multiprotein bundles, whereas indi-
vidual FG-nups form dynamic globular structures.
More than half of the FG-repeats are found on the
surface of the bundles, offering a favorable environ-
ment for transport receptors. Binding to FG-repeats
and a sliding motion of NTF2 induced by binding
and unbinding to phenylalanines were observed
when adding this transport receptor into one of the
brush-like structures.
INTRODUCTION
The nucleus of eukaryotic cells stores and organizes the cell’s
genetic material, thereby controlling gene expression. The
nucleus is enclosed by the nuclear envelope (NE), which isolates
and protects the materials inside the nucleus from the cyto-
plasmic compartment. Although the genome and the transcrip-
tionmachinery require protection, they also need to communicate
with the rest of the cell, importing proteins from the cytoplasm
across the NE and exporting products, such as RNAs. Nuclear
pore complexes (NPCs), forming large pores through the NE,
enable and control the needed import and export. As the only
pathway connecting the cellular cytoplasm with the nucleoplasm,
NPCs allow small molecules (<40 kD) to diffuse freely into and out
of the nucleus, while excluding large molecules, which are only
allowed to pass when bound to so-called transport receptors.
Transport receptors are proteins that manage to pass through
the NPC despite their large size. The selective passage through
the NPC is essential for cell growth and function; however, the
mechanism underlying the selection is still unknown.Structure 17,Structure of the NPC and Selective Transport
Each nucleus has many NPCs to facilitate the exchange of mole-
cules with the cytoplasm, the exact number varying with cell size
and cell activity. For example, there are 200 NPCs/nucleus in
yeast cells and 2000–5000 NPCs/nucleus in proliferating human
cells (Gerace and Burke, 1988; Go¨rlich and Kutay, 1999). The
NPC, composed of 30 different kinds of proteins (nucleopor-
ins/nups), has octagonal radial symmetry and pseudo two-fold
symmetry across the NE. Because of this symmetric structure,
each nup has at least 8 copies in the NPC, and, in fact, most
nups exist in 16 copies or more. NPCs exhibit a very large total
mass, e.g., 44 MDa in yeast and 60 MDa in vertebrates
(Rout et al., 2000; Cronshaw et al., 2002). Despite the different
masses, nuclear pores have a similar basic structure: each
NPC is composed of a cylindrical central framework, of eight
cytoplasmic filaments, and of a nuclear basket (Rout et al.,
2000; Cronshaw et al., 2002). Electron microscopy studies
revealed that the central framework of the NPC is anchored
inside the NE, with the cytoplasmic filaments attached to its
cytoplasmic side and the nuclear basket attached to its nuclear
side (review in Lim et al., 2008). Inside the central framework is
a central channel, with a diameter of 38 nm and a length of
37 nm in the case of yeast NPC (Alber et al., 2007a, 2007b).
The central channel is filled with intrinsically unstructured nucle-
oporins (FG-nups), which are rich in phenylalanine-glycine (FG)
repeating sequences (Beck et al., 2004; Macara, 2001; Rout
et al., 2000), most with repeating motifs FG, FxFG (x being any
amino acid), and GLFG (Denning and Rexach, 2007).
To achieve active NPC transport, a special family of proteins,
called transport receptors, is required. These proteins distin-
guish between inert molecules and molecules destined to go
through the NPC by recognizing the nuclear localization signal
(NLS) for import and the nuclear export signal (NES) for export,
both of which are special protein sequences (review in Pember-
ton and Paschal, 2005). A transport receptor binds to its cargo
molecule, i.e., one with the correct signal, forming a receptor-
cargo complex, and chaperones it across the NPC. Once arriving
at the opposite side of the NPC, receptor-cargo complex disso-
ciation is triggered by binding of RanGTP (nucleoplasm) and by
the hydrolysis of RanGTP to RanGDP (cytoplasm), leaving the
cargo in the proper compartment of the cell. As the RanGDP
importer, NTF2 carries RanGDP from the cytoplasm to the nucle-
oplasm, where RanGDP is converted to RanGTP.
The interaction between FG-nups and the transport receptors
is key to the selective transport of the NPC. Both experiment and449–459, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 449
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Nuclear Pore Complex Structure and ProcessesTable 1. Segments D1–D25 Simulated and Their nsp1 Sequences
Segment name D1 D2 D3 D4 D5
Nsp1 sequence 1–100 21–120 41–140 61–160 81–180
Segment name D6 D7 D8 D9 D10
Nsp1 sequence 101–200 141–240 161–260 181–280 201–300
Segment name D11 D12 D13 D14 D15
Nsp1 sequence 221–320 241–340 261–360 281–380 301–400
Segment name D16 D17 D18 D19 D20
Nsp1 sequence 321–420 341–440 361–460 381–480 401–500
Segment name D21 D22 D23 D24 D25
Nsp1 sequence 421–520 441–540 461–560 481–580 501–600simulation have demonstrated that transport receptors bind to
FG-nups through hydrophobic binding spots (Liu and Stewart,
2005; Morrison et al., 2003; Bednenko et al., 2003; Bayliss
et al., 2002b; Isgro and Schulten, 2005, 2007a, 2007b). FG-nups
are believed to be very flexible and to exhibit properties typical of
natively unfolded, disordered proteins (Denning et al., 2003; Lim
et al., 2006). The deletion of some combinations of FG-repeat
regions can lead to cell death, although the cell is still viable
when over half of the FG-repeat mass is deleted (Strawn et al.,
2004).
Proposed Models of Selective Transport through NPCs
The disordered nature of FG-nups in the NPC, apparently
required for transport receptor passage and selective gating,
poses a challenge to a detailed understanding of NPC function.
Fortunately, disordered biomolecular systems can be studied
by means of molecular dynamics (MD) simulations (Heller et al.,
1993) such that the models can be tested. The ability of MD to
investigate disordered systems was demonstrated widely in the
case of membrane processes, a field in which MD has become
indispensable (Gumbart et al., 2005). Structure, dynamics, and
function of FG-nups should likewise become a successful
domain of MD, a major hurdle being the more extended length
and time scale that need to be described. Various models ex-
plaining selective transport through the NPC have been sug-
gested. Below, we introduce three: the virtual-gate, the selec-
tive-phase, and the reduction-of-dimensionality model.
The virtual-gate model (Rout et al., 2000) proposes that
FG-nups form an entropic barrier, given the fact that a dense
array of FG-nups is attached to the surface of the NPC channel.
Although transport receptors can carry large molecules bound to
them through this barrier by binding to FG-repeats, other large,
but inert molecules are excluded. In support of this model, clus-
ters of human Nup153 (a human FG-nup) were demonstrated by
atomic force microscopy (AFM) measurements to form polymer
brushes in vitro (Lim et al., 2006). Lim et al. (2007) showed that
addition of transport receptor importin-b induces the collapse
of the Nup153 brushes, although this collapse can be reversed
by adding RanGTP, which dissociates importin-b from the
FG-nups and inhibits importin-b from binding to FG-repeats
(Rexach and Blobel, 1995).
The selective-phase model (Ribbeck and Go¨rlich, 2002)
proposes that FG-nups form a three-dimensional (3D) meshwork
inside the channel through extensive FG-repeat-mediated450 Structure 17, 449–459, March 11, 2009 ª2009 Elsevier Ltd All rigbinding. The binding between FG-repeats reduces the free-diffu-
sion size limit, but transport receptors carrying cargo can travel
through this mesh by separating the linked FG-repeats,
competing themselves for binding to FG-repeats. In support of
this model, yeast nsp1 (a yeast FG-nup) was shown to form
a macroscopic hydrogel (Frey et al., 2006). The authors also
demonstrated that a saturated hydrogel formed by nsp1 can
produce a permeability barrier similar to that found in real NPC
(Frey and Go¨rlich, 2007).
The reduction-of-dimensionality model (Peters, 2005)
proposes that FG-repeats of FG-nups line the NPC central
channel with an FG surface. Whereas inert molecules are
restricted to a very narrow passage, transport receptors can
manage passage through the NPC by sliding on the FG surface
in the manner of a two-dimensional rather than a three-dimen-
sional random walk.
The exact gating and transport mechanism of the NPC remains
elusive. By combining coarse-grained (CG) and all-atom (AA) MD,
we were able to study individual and collective behaviors of
FG-nup yeastnsp1over the timescaleof microseconds. Individual
segments as well as arrays of nsp1 segments were investigated
(summarized in Tables 1 and 2). Whereas individual segments
were seen to form globule-like dynamic structures, arrays of
them formed polymer strands organized into brush-like structures
with a height much larger than the Rg of individual segments. AA
simulations were performed to investigate the interaction between
the brush-like structure and the transport receptor NTF2.
RESULTS
In order to sample computationally a representative volume of
the nsp1-filled NPC channel, we constructed an array of individ-
ually tethered nsp1 segments, tethering points being positioned
such that the resulting systems adopted an FG-repeat density
similar to that in the NPC. For this purpose, the FG-repeat
domain of nsp1 (1–600) was represented by 25 100 amino acid
(aa) long segments (D1–D25, Table 1), individual and collective
behaviors of which were then studied through CG and AA MD
simulations. As representatives, six segments tethered to the
substrate were simulated individually in solution, reaching
dynamic globular structures. All 25 segments were then tethered
individually to a planar surface, the tethered endpoints forming
a regular 5 3 5 array as shown in Figure 1. Both wild-type and
mutant nsp1 arrays were simulated. The transport receptorhts reserved
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Simulation System CG Simulation CG Simulation Time AA simulation AA Simulation Time
Number of CG Beads Number of Atoms
Sim_D1 D1 16,814 1 ms 74,316 20 ns
Sim_D6 D6 16,493 1 ms 76,630 20 ns
Sim_D10 D10 17,511 1 ms 75,605 20 ns
Sim_D15 D15 16,209 1 ms 78,286 20 ns
Sim_D20 D20 15,811 1 ms 76,303 20 ns
Sim_D25 D25 17,400 1 ms 84,656 20 ns
Sim_WT1 WT_array 56,595 4 ms 353,628 10 ns
Sim_WT2 WT_array 56,595 4 ms 355,574 10 ns
Sim_MT MT_array 56,595 4 ms 355,618 10 ns
Sim_NTF2 NTF2 — — 329,162 60 nsNTF2 was finally added to one resulting structure of the wild-type
array and simulated to study its interaction with nsp1.
Individual nsp1 Segments
Segments D1, D6, D10, D15, D20, and D25 (Table 1) tethered to
a planar surface were simulated individually in solution; their
sequences covered the whole FG-repeat domain of nsp1 (1–
600) without overlap. Each segment was first described through
CG MD for 1 ms. During the simulations, the initially fully extended
segments coiled up and shortened into globule-like structures,
as seen in Figure 2, which shows the radius of gyration (Rg)
decreasing from over 100 A˚ (corresponding to the fully extended
form) to a value between 11.8 and 13.5 A˚ (corresponding to
a globular form).
The resulting CG globular structures were reverse coarse
grained, and the obtained AA structures were studied in 20 ns
AA MD simulations. During these simulations, Rg values
increased slightly (Figure 2, inset) to 13.7 A˚, 14.0 A˚, 14.7 A˚,
15.7 A˚, 14.5 A˚, and 20.0 A˚ for segments D1, D6, D10, D15,
D20, and D25, respectively. With the volume of each globule-
like structure taken to be 4/3pRg
3, the average FG-repeat
density in these segments is 0.39 FG-repeat/nm3, which is five
times as large as the estimated density of yeast NPC.
For comparison, three natively folded proteins of similar size
were selected from the Protein Data Bank, and their Rg was
calculated: the fibronectin type III repeat domain of neural cell
adhesion molecule 1 (PDB code: 2HAZ, 104 aa, 11.3 kDa) has
an Rg of 14.2 A˚; macromomycin (PDB code: 2MCM, 112 aa,
10.7 kDa) has an Rg of 13.4 A˚; and the light chain of Bence-Jones
Protein RHE (PDB code: 2RHE, 114 aa, 11.8 kDa) has an Rg of
14.0 A˚. Compared to these natively folded proteins, segments
D1 and D6 are as compact; segments D10, D15, and D20 are
a little less compact; and segment D25 is significantly more
expanded, suggesting overall that the whole FG-repeat domain
of nsp1 is less compact than a typical natively folded protein
and likely is more flexible.
Arrays of Wild-Type nsp1
A key question regarding NPC function is how nsp1 segments
behave when brought together, reaching an FG-repeat density
close to that in the NPC central channel. The listed 25 100 aa
wild-type nsp1 segments (D1–D25, Table 1) were, thus, tetheredStructure 17, 44individually to form a 53 5 array (WT_array, Figure 1). Two inde-
pendent 4 ms CG MD simulations were performed for this
system. In both simulations, the segments coiled and shortened
from their fully extended state, reaching a dynamic equilibrium
very quickly. As shown in Figure 3A, the brush height decayed,
from an initial brush height of over 350 A˚ to an average value
of 77.1 A˚ for Sim_WT1 and 88.8 A˚ for Sim_WT2. The coiling of
the segments in Sim_WT1 and Sim_WT2 is shown in detail in
Supplemental Data (see Movies S1 and S2 available online).
Instead of forming globule-like structures as the individual
segments did, the wild-type array in each simulation formed
a brush-like structure with a height much larger than the Rg of
a single chain (i.e., 77.1–88.8 A˚ versus 13.7–20.0 A˚). The
segments are seen to form bundles of 2–6 individual segments,
and different bundles intercross with each other, leaving some
space that allows small molecules to diffuse through. One should
note that the final conformation reached continues to undergo
random conformational transitions, as the system is dynamic in
nature. The brush-like structure of Sim_WT1 is shown in
Figure 4A; detailed 360 views of the brush-like structures that
resulted from the two simulations are provided in Supplemental
Data (Movies S4 and S5).
The CG structures reached after 4 ms were reverse coarse
grained into AA structures, which were then simulated and equili-
brated for 10 ns. The AA simulations did not result in a significant re-
structuring, except that the brush height increased by 10 A˚ to
a value of 87.8 A˚ for Sim_WT1 and 98.7 A˚ for Sim_WT2 (Figure 3A,
inset). Theseheightscorrespond toanFG-repeatdensityof0.08FG
repeat/nm3 for Sim_WT1 and 0.07 FG-repeat/nm3 for Sim_WT2.
Yeast NPC has a central channel of 38 nm in diameter and 37 nm
in height (Alber et al., 2007a, 2007b), in which FG-nups with a total
of 3500 FG-repeats (Strawn et al., 2004) are anchored, corre-
sponding to an estimated density of 0.08 FG-repeat/nm3.
A surface representation of the structures at the end of the two
AA simulations is shown in Figure 5, with FG-repeats colored in
orange and green. The two simulations (Sim_WT1 and Sim_WT2)
started from identical initial structures, but with different initial
random atomic velocities; the two resulting equilibrated struc-
tures are qualitatively very similar, yet different in detail, which
is consistent with the expected disordered nature of FG-nups
(Denning et al., 2003). In either case, many FGs remain exposed
to the bundle surface, free for binding to transport receptors.9–459, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 451
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Nuclear Pore Complex Structure and ProcessesFigure 1. Initial Configuration of the Array Systems
(A) Top view of the array. Only the N terminus constrained to the substrate is shown for each segment.
(B) Side view. Each segment is shown in a different color, with its constrained N terminus represented by a red sphere. The water box including the array is shown
in light purple, and its dimension is labeled. The central segment of the array is indicated by a black circle.Surround views of Sim_WT1 and Sim_WT2 structures in Figure 5
are provided as Movies S6 and S7.
To identify how FG-repeats are distributed in detail, the
respective pair distribution function, g(r), was averaged over
the last 2 ns of each AA simulation (Figure 3B). Although both
simulations reached quite different final conformations (Figures
5A and 5B), they exhibit a similar FG-FG distance distribution
at the first g(r) peak located at r 6 A˚, indicating similar FG-
repeat interactions. Indeed, sampling the FG-FG distances
with a cutoff of 8 A˚ revealed that 41.5% of the FG-repeats are
involved in close contact with other FG-repeats in Sim_WT1
and 37.5% in Sim_WT2. However, more than half of the FG-
repeats are actually not involved in any contact with another
FG repeat within a distance of less than 8 A˚; these FG-repeats
should interact easily with FG-repeat-binding spots on transport
receptors, as long as they are surface exposed, which they
mainly are (cf. Figure 5). The two simulations show differences
in the second and third g(r) peaks; the differences result from
different conformations adopted by FG-repeats in the two simu-452 Structure 17, 449–459, March 11, 2009 ª2009 Elsevier Ltd All riglations. It is interesting to note that g(r) assumes significant
values between r = 12 A˚ and r = 22 A˚, a region that corresponds
to typical separations of binding spots found on transport recep-
tors (Isgro and Schulten, 2007b) (i.e., FG-repeats can bind
readily to multiple binding spots on transport receptors). The
inset of Figure 3B shows a histogram of the distances between
adjacent binding spots on transport receptors taken from (Isgro
and Schulten, 2007b).
Array of Mutant nsp1
A mutant nsp1 array with almost all nonpolar phenylalanines
mutated to polar serines (MT_array) was investigated to further
explore the role of FG-repeats in forming brush-like structures.
The mutant system was also subjected to a 4 ms CG MD simula-
tion, during which the mutant nsp1 segments also coiled and
shortened to form a brush-like structure, but one with an average
brush height of 108.1 A˚, which is higher than seen in either wild-
type array simulation (Figure 3). The bundles of mutant nsp1
segments entangled with each other less than in the wild-typehts reserved
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Nuclear Pore Complex Structure and Processescase and thus remained largely separated, offering wider spaces
for passage. The brush-like bundles are depicted in Figure 4B;
Movie S8 illustrates this system.
The resulting CG structure was reverse coarse grained to
obtain its associated AA structure, which was then refined in
an AA MD simulation for 10 ns. With the basic structure not
changing from the CG one, the brush height increased by several
A˚ to reach an equilibrium value averaged to 114.4 A˚ (Figure 3A,
inset), resulting in a brush height difference of +26.6 A˚ relative
to Sim_WT1 and of +15.7 A˚ relative to Sim_WT2.
The SG/FG-repeat pair distribution function g(r) was averaged
for the last 2 ns of the AA MD simulation of Sim_MT and
compared to g(r) in simulations Sim_WT1 and Sim_WT2
(Figure 3B). g(r) in Sim_MT looks quite different from that in the
wild-type simulations. Instead of exhibiting a main first peak,
g(r) is seen to split into three lower peaks. Using the same cutoff
of 8.0 A˚ as for the wild-type simulations, an additional calculation
showed that 31.1% of the mutated SG-repeats were in close
contact, less than seen in the wild-type cases (37.5% and
41.5%). The FG-repeats seem to play a role in affecting the over-
all appearance of the nsp1 arrays’ brush-like structure, but
apparently they do not dominate the formation of the brushes.
Interactions with NTF2
In order to investigate the interactions of nsp1 with a transport
receptor, one NTF2 (per elementary cell, see Experimental
Procedures) was embedded into the final AA structure resulting
from wild-type array simulation Sim_WT2, forming a new system
B_NTF2. It is noteworthy that the bundled nsp1 segments leave
enough space for NTF2 embedding. A 60 ns AA simulation was
performed to inspect the interactions arising (Figure 6; Table 2).
Within the 60 ns simulation, two NTF2-binding spots were seen
bound to FG-repeat PHEs. Binding spot 2, also suggested by
NMR experiments (Morrison et al., 2003) as described in (Isgro
Figure 2. Coiling of Individual, Initially Fully
Extended nsp1 Segments
The time evolution of the radius of gyration (Rg) is
shown for 1 ms coarse-grained (CG) simulations.
The inset shows the time evolution of Rg during
subsequent all-atom (AA) simulations, which
started from the reverse-coarse-grained AA struc-
tures of the final (1 ms) CG structures.
and Schulten, 2007a), became bound to
PHE343 of segment D16 at about 15 ns
(Figure 7A). Subsequently, at about 23
ns, PHE341 of the same segment and
the same FG-repeat also bound to this
spot, but to a slightly different location,
yielding two PHEs bound to the area
simultaneously (Figure 7B). Eventually, at
about 42 ns, PHE343 was pushed out,
and only PHE341 remained bound
(Figure 7C). This exchange of binding re-
sulted in a motion of NTF2 along the direc-
tion of segment D16 as seen in Movie S9.
Since the FG-repeat was initially quite
close to the binding spot when NTF2 was embedded into the
brush, this process happened quickly, i.e., PHE343 became
bound to NTF2 at 15 ns. Incidentally, this spot is where RanGDP
binds when forming an import complex with NTF2 (Stewart et al.,
1998).
Binding spot 1.3, which is directly adjacent to experimentally
observed (Bayliss et al., 2002a) binding spot 1.1 and 1.2 as
described in (Isgro and Schulten, 2007a), was seen to bind to
PHE360 of segment D15 at about 32 ns (Figure 7D). This FG-
repeat was initially more than 30 A˚ away from the surface of
NTF2 and was drawn toward NTF2 during the simulation to finally
bind to the surface of NTF2 (Movie S10). The ability to bind to
more than one FG-repeat inside the brush-like environment
and the ability to engage FG-repeats that are farther away,
even when the FG-repeat is constrained by a long segment form-
ing the brushes, should be essential for the transport of NTF2 in
NPCs.
DISCUSSION
Individual and collective behaviors of nsp1 segments were
studied combining CG and AA MD simulations. The CG simula-
tions extended the simulation timescale to microseconds,
permitting self-aggregation of nsp1 segments in a relaxation
process from an artificial initially extended state. AA simulations
were carried out to refine the obtained CG structures. The refined
AA structures can be further used in the future to study the inter-
action of nsp1 with transport receptors. As a first step, NTF2 was
embedded into the refined AA brush-like structure of Sim_WT2
to investigate their interaction.
Collective behaviors of both mutant and wild-type nsp1 were
studied with 25 nsp1 segments tethered to a planar surface in
a 5 3 5 array. The simulations revealed a bundle-based
(involving 2–6 segments), brush-like structure for arrays ofStructure 17, 449–459, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 453
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Nuclear Pore Complex Structure and ProcessesFigure 3. Formation of Brush-like Structures
(A) Time evolution of the brush height for Sim_WT1 (red line), Sim_WT2 (blue line), and Sim_MT (green line) during 4 ms coarse-grained simulations; the inset shows
the time evolution of the brush height during all-atom (AA) simulations, starting from the reverse-coarse-grained AA structures of the final (4 ms) CG structures.
(B) Pair distribution function, g(r), of the FG-repeats of simulations Sim_WT1 (red line), Sim_WT2 (blue line), and Sim_MT (green line) averaged over the last 2 ns of
their 10 ns AA simulations. The inset shows a histogram of the distances between adjacent binding spots on transport receptors (Isgro and Schulten, 2007b).wild-type and mutant nsp1 segments, with the FG-repeat
density of wild-type brush-like structures close to the one
encountered in the NPC central channel. The brushes exhibit
a height much larger than the Rg of individual segments, i.e.,
the segments in the array are much more extended than equili-
brated individual segments are. Indeed, a more extended
conformation is expected for polymers attached close together,
the extension arising from a competition between entropic and
enthalpic energy contributions (Alexander, 1977; de Gennes,
1980; Milner, 1991). Experiments with AFM showed similar
brush-like behaviors of a human FG-nup, namely, Nup153 (Lim
et al., 2006, 2007). However, one may argue that the particular
structure seen in our simulations is a metastable intermediate
reached only from the segments’ initially extremely extended
geometry. Although this supposition cannot be ruled out since
simulations much longer than 4 ms might be needed to establish
a completely relaxed structure, the bundle-based brush form
might be a key intrinsic property of nsp1 for several reasons:
(1) the structure sports many surface-exposed FG-repeats;
(2) the structure exhibits a degree of openness that readily
permits entry of proteins as large as NTF2; (3) the structure has
an FG-repeat density typical for the NPC central channel. The
three properties, indeed, are ideally suited for selective transport
in the NPC. It should also be noted that the structure reached
assembled rapidly and spontaneously, clearly reflecting an
intrinsic form of nsp1 dynamic association that deserves further
scrutiny.
In the selective-phase model (Ribbeck and Go¨rlich, 2002),
a network resulting from FG-FG binding is proposed to form
a selection barrier, whereas in the virtual-gate model (Rout
et al., 2000), entropic exclusion is proposed to exclude inert
molecules. The main difference between the two models is the
degree to which FG-FG binding is involved in the barrier. Given
that the mutant system described in simulation Sim_MT also
forms a bundle-based brush-like structure, and that more than
half of the FG-repeats are actually available at the bundle surface
without any FG-repeat within 8 A˚ of themselves, our results
support the virtual-gate model (Rout et al., 2000). One would
expect that the mutant brush-like structure blocks all kinds of454 Structure 17, 449–459, March 11, 2009 ª2009 Elsevier Ltd All riglarge molecules, including transport receptor-cargo complexes,
due to a lack of FG-binding opportunity, thus leading to the
lethality of this mutant (Frey et al., 2006). The many exposed
FG-repeats seen in simulations Sim_WT1 and Sim_WT2 also
support the assumption of an FG surface inside the NPC in
the reduction-of-dimensionality model (Peters, 2005), which
proposes that transport receptors pass through the NPC by
sliding along the FG surface. Indeed, a sliding of NTF2 due to
dynamic binding and unbinding involving PHE343 and PHE341
of segment D16 at binding spot 2 (Isgro and Schulten, 2007a)
was observed in our 60 ns AA simulation Sim_NTF2 as shown
in Movie S9.
Although 60 ns is a very short time compared to NPC transport,
NTF2 has already been seen bound to two PHEs, one (PHE360)
even being engaged from farther away (Movie S10). The obser-
vation that NTF2 binds to multiple FG-repeats belonging to
different segments should be important for its transport through
the NPC. PHE360 was seen to bind to the NTF2 surface from
farther away, even though the segment containing it is con-
strained by the bundle-based structure. Longer and larger simu-
lations are needed to further study the NTF2-nsp1 system. For
example, with the introduction of transport receptor NTF2, our
simulation does not exhibit the collapse of the brushes seen in
experiments (Lim et al., 2007).
The methodological approach taken in the present study
makes it possible to simulate large FG-nup systems for a long
time, offering wide opportunities to transport-related structures
and processes in the NPC. A recent structural model of the
NPC has made detailed predictions about the stoichiometry of
FG-nups and their anchoring spots, based on vast experimental
data (Alber et al., 2007a, 2007b); by anchoring the FG-nups to
the spots suggested in this model, one can determine the
‘‘resting state’’ of FG-nups by simulating the system using the
approach followed here.
EXPERIMENTAL PROCEDURES
All-atom (AA) molecular dynamics (MD) as described by Phillips et al. (2005) is
a widely accepted modeling approach that presently permits simulations ofhts reserved
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Nuclear Pore Complex Structure and ProcessesFigure 4. Stereo Images of the Brush-like Structures of Sim_WT1 and Sim_MT
(A and B) The coarse-grained (CG) brush-like structures of (A) Sim_WT1 and (B) Sim_MT at the end of their 4 ms CG simulations are shown with each segment
depicted in a different color; the constrained N termini (tethering points) are represented by red spheres. Note that only a single periodic cell is shown; bundles at
the cell boundary are actually engaged in contacts with segments of neighboring periodic cells, which are not shown. A large array of segments that includes threeperiodic cells is depicted in Figure S1. Water and ions are not shown.about 1 million atoms over 100 ns. For the purpose of simulating the self-
assembly of FG-nups, we needed to extend such simulations to several micro-
seconds, which is still unfeasible at AA resolution for large systems. However,
coarse-grained (CG) simulation methods have proven to be well suited to
describe the type of large-scale assembly processes expected to occur
among FG-nups, and, accordingly, we adopt these methods here. Marrink
and coauthors applied coarse graining successfully to the study of lipid
assembly (Marrink et al., 2004, 2005). We have extended their approach to
include proteins (Shih et al., 2006) and have employed the resulting CG MD
method successfully in experimental-theoretical studies of the assembly of
lipoproteins and lipids into disordered lipoprotein particles (Shih et al.,
2007a, 2007b, 2007c).
Figure 5. Final Brush-like Structures for
Sim_WT1 and Sim_WT2
(A and B) The structures of (A) Sim_WT1 and (B)
Sim_WT2 at the end of their all-atom simulations
are shown in surface representation; the FG-
repeats are depicted in orange and green for
phenylalanines and glycines, respectively. Many
FG-repeats are exposed to water and are ready
to bind to transport receptors. Water and ions
are not shown.Structure 17, 449–459, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 455
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obtain corresponding AA structures, as introduced by Shih et al. (2007c) and
described in detail by Freddolino et al. (2008) and Shih et al. (2008). In the
present study, CG MD was used to extend the timescale to microseconds,
whereas AA MD was used to refine final structures obtained through CG MD
simulations and to investigate the interaction of NTF2 with FG-nup nsp1 in
chemical detail.
Coarse-Grained Model
The CG model suggested by Shih et al. (2006) and Marrink et al. (2004) was
used here to describe individual nsp1 segments and their arrays. For proteins
Figure 6. Side View of System B_NTF2 with NTF2 Embedded
Only part of the system is shown; nsp1 segments are shown in cyan
and their constrained N-terminal Ca atoms are shown as red spheres;
the embedded NTF2 is shown in brown. Water and ions are not shown.
Figure 7. FG-Repeat Binding to NTF2
(A) Binding of PHE343 to NTF2-binding spot 2 at
20 ns of Sim_NTF2.
(B) Binding of PHE343 and PHE341 to NTF2
binding spot 2 at 30 ns of Sim_NTF2.
(C) Binding of PHE341 to NTF2 binding spot 2 at
the end of Sim_NTF2.
(D) Binding of PHE360 to NTF2 binding spot 1.3 at
the end of Sim_NTF2.
The NTF2 surface is colored according to residue
type; polar basic residues are shown in blue, polar
acidic residues in red, polar neutral residues in
green, and nonpolar residues in white. Binding
spots 2 and 1.3 are defined by Isgro and Schulten
(2007a).
represented through this model, each amino acid residue is mapped
onto two CG beads (Figure 8), a backbone bead and a side chain
bead, except for glycine, which is represented by only a backbone
bead. The side chain beads vary between different amino acids. There
are 19 different types of side chain beads that belong to five different
interaction classes. For water and ions, four water molecules are rep-
resented by one polar CG bead, whereas each ion together with its
hydration shell is mapped onto one charged CG bead. Compared to
the previous CG model that described strictly a-helical proteins
through suitable dihedral potentials (Shih et al., 2006), in the present
study dihedral angles along the protein backbone were assumed to
be completely flexible, consistent with the nsp1’s disordered nature,
i.e., the dihedral potential was set to zero.
Reverse-Coarse-Graining Procedure
While each amino acid is mapped onto two CG beads in the coarse-
graining procedure, each amino acid can be mapped back to an AA
representation by replacing the CG beads with all of the atoms it
represents as detailed by Shih et al. (2007c, 2008) and Freddolino
et al. (2008). The resulting AA structure was then annealed in an
NVT ensemble according to the following protocol: with the center of mass
of all of the atoms belonging to one CG bead constrained, the system was first
energy minimized at T = 610 K for 5 ps, followed by an 8 ps heating stage at T =
610 K, and then a cooling stage with a temperature decrement of 10 K every 2
ps until T = 300 K was reached. Following this protocol, we performed AA
dynamics (T = 298 K), keeping the Ca atoms constrained in harmonic wells
and N-terminal/C-terminal Ca atoms fixed (N termini for the arrays and C
termini for the individual segments), for a total of 190 ps in an NVT ensemble.
The constraint strength was gradually decreased from 4 kcal/mole/A˚2 to 0.4
kcal/mole/A˚2 with a decrement of 0.2 kcal/mole/A˚2 every 10 ps, allowing the
protein backbone to relax gradually. Since NVT ensembles are used here,456 Structure 17, 449–459, March 11, 2009 ª2009 Elsevier Ltd All rights reserved
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disturb the dynamics of the backbone. Simulations without any constraint to
the Ca atoms (except the terminal Ca atoms tethered to the planar surface)
were then performed in NPT ensembles to further refine these structures, as
detailed below.
CG Systems
The FG-repeat domain of nsp1 was built from nsp1 sequence 1–600 (Swiss-
Prot P14907) by using the 2004.03 release of Chemical Computing Group’s
Molecular Operating Environment (MOE) software. The backbone dihedral
angles (4, c) were set to (180, 180) so that an unstructured straight nsp1
was obtained. Twenty-five overlapping segments were then selected, and
each segment contained 100 amino acids (see Table 1).
With the C terminus of each segment attached to the substrate and the rest
of the segment fully extended in the direction normal to the substrate, the six
representative segments (D1, D6, D10, D15, D20, and D25) were coarse
grained and solvated individually into CG water boxes of dimension 70 A˚ 3
70 A˚ 3 415 A˚, which are large enough to prevent proteins from interacting
significantly with their periodic images. A total of 100 mM NaCl was then added
to the water box, adjusting the relative concentrations of Na+ and Cl to render
the whole system chargeless. This resulted in 16,814, 16,493, 17,511, 16,209,
15,811, and 17,400 CG beads for segments D1, D6, D10, D15, D20, and D25,
respectively (Table 2). The systems were simulated individually.
All 25 segments listed in Table 1 were put together to form the wild-type 53
5 array (WT_array), with the N-terminus of each segment attached to the
substrate and the rest of the segment fully extended in the direction normal
to the substrate (Figure 1). The separation of adjacent segments was set to
26 A˚ as shown in Figure 1A, with segments D1–D25 randomly assigned
inside the array. The array was then coarse grained and solvated into
a 130 A˚ 3 130 A˚ 3 416 A˚ CG water box, which was large enough to make
sure the array was 13 A˚ from the box edge in the x,y plane and, hence, 26 A˚
from their periodic (see Supplemental Data) images. NaCl (100 mM) was
added to the water box, adjusting the relative concentrations of Na+ and Cl
to render the whole system chargeless. A mutant array (MT_array) was then
obtained by mutating all PHEs (except the PHEs at amino acids 3 and 129)
of the WT_array to SERs, inspired by experimental work (Frey et al., 2006).
Since both PHE and SER have neutral side chains, no adjustment of the ion
concentration needed to be made. The wild-type and mutant arrays were
each composed of 56,595 CG beads (Table 2).
All systems were allowed to equilibrate as follows: first, the system was
energy minimized for 2000 steps and MD was performed for 2 ns with protein
segments fixed in an NVT ensemble (T = 298 K), allowing water and ions to
Figure 8. Comparison of All-Atom and
Coarse-Grained Descriptions
The coarse-grained representation is shown with
backbone beads in green and proline, alanine,
phenylalanine, and serine side chains in tan,
purple, orange, and yellow, respectively. Glycine
is represented by only a backbone bead.
equilibrate; then, the protein segments were freed,
but with their N termini/C termini (N termini for the
arrays and C termini for the individual segments)
constrained in separate harmonic wells
(describing, thus, the grafting to the surface), and
the entire system was again energy minimized
for 2000 steps, allowing the system to relax locally.
The resulting systems were then simulated,
assuming an NPT ensemble, with their grafted
termini constrained for periods listed in Table 2.
Reverse-Coarse-Grained AA Simulations
The CG representations of nsp1 segments (array
or single), after being mapped back to AA repre-
sentations, were solvated into AA water boxes.
The box dimension was 90 A˚ 3 90 A˚ 3 100 A˚ for individual segments and
130 A˚ 3 130 A˚ 3 218 A˚ for arrays. Notice that the water boxes were smaller
along the z axis than the CG water boxes, since the initially extended segments
had coiled up and shortened. NaCl (100 mM) was then added to each water
box, adjusting the relative concentrations of Na+ and Cl to render each
system chargeless. This resulted in 74,316, 76,630, 75,605, 78,286, 76,303,
and 84,656 atoms for segments D1, D6, D10, D15, D20, D25, respectively;
a total of 353,628, 355,574, and 355,618 atoms were included in the AA
systems of Sim_WT1, Sim_WT2, and Sim_MT, respectively (Table 2). The
systems were then annealed and relaxed according to the reverse-coarse-
graining procedure outlined above. The resulting states were employed in
the AA simulations listed in Table 2 in NPT ensembles.
The NTF2 Simulation
Into the brush-like structure resulting from the AA simulation of Sim_WT2 we
embedded the NTF2 dimer taken from the final state of simulation EX4
described by Isgro and Schulten (2007a); the dimer exhibits 12 binding spots
(6 binding spots for each monomer). The system was then solvated into a 130 A˚
3 130 A˚3 218 A˚ AA water box with 100 mM NaCl, and the relative concentra-
tions of Na+ and Cl were adjusted to render the whole system chargeless.
This resulted in a 329,162-atom system. With nsp1 atoms constrained in sepa-
rate harmonic wells (a constraint strength of 20 kcal/mole/A˚2 for N-terminal Ca
atoms and a strength of 2 kcal/mole/A˚2 for other nsp1 atoms), the system was
energy minimized for 10,000 steps and subjected to a 500 ps MD equilibration
carried out in an NPT ensemble. The nsp1 segments were subsequently
released from the constraints, except that N-terminal Ca atoms of nsp1
segments remained constrained with a constraint strength of 0.2 kcal/mole/
A˚2; the system was again energy minimized for 10,000 steps, and 60 ns AA
dynamics was performed subsequently in an NPT ensemble.
Simulation Details
CG and AA simulations were performed by using the program NAMD 2.5/2.6
(Phillips et al., 2005). The simulations utilized periodic boundary conditions
to avoid surface effects, i.e., the simulation cell in Figures 1, 4, and 5 was repli-
cated in all directions. Van der Waals interactions were cut off at 12 A˚, with
a switching function beginning at 9 A˚ for CG simulations and 10 A˚ for AA simu-
lations, to implement a smooth cutoff. Langevin dynamics was used to control
temperature with a damping coefficient of 5 ps1, and pressure was regulated
via the hybrid Nose-Hoover (Martyna et al., 1994) Langevin (Feller et al., 1995)
piston method. The piston oscillation period was set to 100 fs for AA simula-
tions (Phillips et al., 2005) and to 1000 fs for CG simulations; the damping time-
scale of the hybrid Nose-Hoover-Langevin piston method was set to 50 fs forStructure 17, 449–459, March 11, 2009 ª2009 Elsevier Ltd All rights reserved 457
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Nuclear Pore Complex Structure and ProcessesAA simulations and to 500 fs for CG simulations. For CG simulations, the inte-
gration time step was set to 10 fs; electrostatic interactions were cut off at 12 A˚
with a shifting function throughout the interaction range to implement a smooth
cutoff. For AA simulations, the Particle Mesh Ewald (PME) method (Darden
et al., 1993) was used to calculate electrostatic forces without a cutoff;
a multiple time-stepping algorithm (Grubmu¨ller et al., 1991; Schlick et al.,
1999) was utilized with a 1 fs step for bonded force evaluation, 2 fs for
short-range nonbonded forces (within the cutoff), and 4 fs for long-range elec-
trostatics (outside the cutoff) (Phillips et al., 2005).
SUPPLEMENTAL DATA
Supplemental Data include ten movies and one figure and can be found with
this article online at http://www.cell.com/structure/supplemental/S0969-2126
(09)00072-0.
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